The harbor seal (Phoca vitulina) has the most extensive distribution of any phocid seal species. An analysis of population structure in this species across its European range was made using 7 phocid derived microsatellites in a sample of 1,029 individuals from 12 separate geographic areas. Despite the species potential for long-distance movement, significant genetic differentiation between areas was observed using an unbiased estimator of R ST . Six distinct population units were identified: Ireland-Scotland, English east coast, Waddensea, western Scandinavia (Norway-Kattegat-Skagerrak-west Baltic), east Baltic, and Iceland. Little local substructuring is present along coastlines with a continuous distribution of breeding animals, but differentiation does increase with geographic distance. The degree of differentiation is greater over equivalent distances where the distribution is discontinuous, such as along coasts where breeding colonies are separated by large distances or by stretches of open sea. Patterns of population differentiation derived from microsatellites are very similar to those obtained from previous mitochondrial DNA analysis and suggest that philopatry in harbor seals operates over 300-500 km. In Europe, harbor seals have experienced a complex demographic history and patterns of population structure are likely to have been affected by natural environmental influences such as Pleistocene glaciations and epizootics. Comparison of Nm values from an unbiased estimator of R ST , G ST , and are consistent and, in some cases, may indicate populations where conditions deviate from the expectations of the R ST model.
Introduction
The harbor seal (Phoca vitulina) has the widest distribution of any phocid seal species, with a range that spans the east and west shores of both the North Atlantic and the North Pacific. In Europe, harbor seals can be found from the east coast of Sweden to western Ireland and north from the Dutch coast into the Arctic (King 1983) . Harbor seals in Europe are of particular interest, because they have experienced a dynamic population history, with significant changes in population size and distribution in recent times. The species was absent from areas such as the Kattegat and Skagerrak, where it is now relatively abundant, until the 17th Century (T. Här-könen, personal communication), while it has disappeared from other areas which had healthy harbor seal populations prior to the 20th Century, including the Bristol channel, Thames and Tees estuaries on the British coast, the French coast, and Oosterschelde Estuary in the Netherlands (Mees and Reijnders 1994; Reijnders 1994) . These changes can be largely attributed to anthropogenic effects, principally hunting and habitat destruction. During the 20th Century, the negative impact of organochlorine contaminants on fertility has contributed to further decline or recovery of populations in the Waddensea and the Baltic (Reijnders 1986) .
Harbor seal numbers in Europe were further reduced in 1988 by an outbreak of phocine distemper virus (PDV), a novel morbillivirus (Dietz, Heide-Jørgen-(Kappe et al. 1995) have found only small amounts of variation, with low power for analyses of population differentiation. In a study complementary to that presented here, Stanley et al. (1996) examined variation in mitochondrial control region sequences in harbor seals worldwide. Stanley et al. (1996) found that populations in the Atlantic and the Pacific and on the east and west coasts of each ocean are significantly differentiated. Further subdivision among geographic populations along coasts was also detected. In the eastern Atlantic, significant levels of differentiation were found between the following populations: Iceland; Scotland-Ireland; the North Sea, including the coasts of England-the Netherlands-Germany; western Scandinavia; Kattegat-Skagerrak-west Baltic; and east Baltic. This suggests a higher degree of natal philopatry than indicated by tagging studies. However, the information content of mitochondrial DNA analysis is limited to the female component of population differences, whereas sex-related differences in dispersal patterns are common (e.g., Rassman et al. 1997) . Information from nuclear genetic markers is required for a more detailed analysis of population genetic structure, particularly for the North Sea and western Scandinavian populations, where the mitochondrial analysis had low resolution.
Microsatellites have been found to reveal substantial variation in species with low variability in other nuclear marker classes (Hughes and Queller 1993) and are being used with success to investigate the population genetics of a growing number of organisms (Bruford and Wayne 1993) . This paper describes the results of genotyping 1,029 individuals from 12 geographic populations of European harbor seal for 7 phocid-seal-derived microsatellite loci. The results were used to quantify levels of genetic differentiation, philopatry, rates of gene flow, and genetic variation in the European harbor seal and are compared with equivalent estimates from Stanley et al.'s (1996) mitochondrial data. This paper discusses factors which may have contributed to the patterns of genetic differentiation and variation observed in this species and the potential role of genetics in understanding the patterns of mortality observed in the 1988 PDV epizootic. This paper discusses how data from natural populations can be used to investigate theoretical claims that methods based on variance in allele size (Slatkin 1995) offer a less biased approach to quantifying genetic differentiation from microsatellite data than methods based on allele frequencies.
Materials and Methods
Samples, Sample Collection, and DNA Extraction Blood or tissue samples were obtained from a total of 1,029 individual harbor seals. Twelve geographic areas are represented in the sample set, covering the majority of the harbor seal's European range. The locations sampled were: east Baltic (EBL, n ϭ 45); west Baltic (WBL, n ϭ 45); Kattegat (KAT, n ϭ 61); Skagerrak (SKG, n ϭ 133); east Waddensea (EWAD, n ϭ 259); west Waddensea (WWAD, n ϭ 147); English east coast (EEC, n ϭ 72); Scottish east coast (SEC, n ϭ 217); Scottish west coast (SWC, n ϭ 18); Strangford Lough, Irish east coast (IEC, n ϭ 11); Froan, Norwegian west coast (NOR, n ϭ 13); and southeast Iceland (ICE, n ϭ 8). Figure 1 illustrates the relative positions of these areas. Total genomic DNA was extracted using standard procedures (Sambrook, Fritsch, and Maniatis 1989) .
Screening of Microsatellite Loci
Three of the seven loci were (CA) n loci derived from the European harbor seal, SGPV3, SGPV10, and SGPV11 (Goodman 1995 (Goodman , 1997a Gemmell et al. 1997) . In addition, a pentameric (GGAAA) n microsatellite cloned from the second intron of the betaglobin gene of the southern elephant seal (Mirounga leonina), betaglobin (BG) (R. Slade, unpublished data; Gemmell et al. 1997 ) and three (CA) n loci, HG0, HG6.1, and HG6.3, cloned from the grey seal (Halichoerus grypus) (Allen 1995; Allen et al. 1995; Gemmell et al. 1997) , were also employed. Primer sequences can be found in the above references.
Microsatellite polymorphisms were detected by PCR amplification of the loci from genomic DNA with direct incorporation of ␣-32 P dCTP, sequencing gel electrophoresis, and autoradiography as described in Goodman (1997a) for the loci SGPV3, SGPV10, and SGPV11. The same conditions were used for the remaining loci, with the following modifications. For HG0, amplification was carried out with 2.0 mM MgCl 2 , 25 mM KCl, and 3% dimethylsulphoxide (DMSO); for BG, 2.0 mM MgCl 2 , 25 mM KCl, and 10% DMSO were included; finally, 2.0 mM MgCl 2 was added for HG6.1 and HG6.3. Annealing temperatures for each locus in the two-stage thermal cycling program (Goodman 1997a) are: HG0, 57-59ЊC; BG, 58-60ЊC; HG6.1 and HG6.3 54-56ЊC. Alleles at microsatellite loci were named according to size in base pairs as determined from a standard M13 sequence run on each gel.
Data Analysis

Hardy-Weinberg Equilibrium
Deviations from Hardy-Weinberg equilibrium at each locus in each geographic area were investigated using an exact test based on a Markov chain iteration (Guo and Thompson 1992) , as implemented in the GE-NEPOP PC software package (Raymond and Rousset 1995) .
Genetic Variability
Genetic variation was quantified by calculating observed heterozygosity and unbiased heterozygosity under Hardy-Weinberg equilibrium for each locus within individual populations and over the total population. Allelic diversity (mean number of alleles per locus) was also calculated. These calculations were performed using BIOSYS v1.7 (Swofford and Selander 1981) . Allele frequencies are not presented in this paper owing to space limitations but are available on request from the author.
To determine whether there was heterogeneity in the distribution of heterozygosity between populations and loci, an analysis of variance similar to a ''split-plot'' design (see Steel and Torrie 1980, chapter 16 ) was performed, as described by Weir (1990, chapter 4) , with the statistical package Genstat 5 (Payne et al. 1987) . Heterogeneity in values of observed average heterozygosity for pairwise comparisons of populations was assessed using the Tukey-Kramer method for multiple unplanned comparisons between pairs of means (Sokal and Rohlf 1995, p. 251) .
Population Differentiation, Substructuring, and Gene Flow
Theoretical studies (Slatkin 1995) suggest that methods based on variance in allele size are most appropriate for quantifying levels of genetic differentiation under the stepwise models of mutation thought to apply to microsatellites (Valdes, Slatkin, and Nelson 1993; Di Rienzo et al. 1994) . However, there is debate on the general applicability of these models and how they extend to data derived from natural populations (Jarne and Lagoda 1996) , where microsatellites may not follow strict stepwise patterns (Estoup et al. 1995b) . It remains unclear whether the predicted biases of statistics derived from nonstepwise models (e.g., infinite-allele or k-allele models) could have palpable effects on real data. In order to address this issue, the level of gene flow among European harbor seal populations was first assessed using R ST (Slatkin 1995) , and then contrasted with estimates derived from Nei's (1973) G ST and F ST estimated using (Weir and Cockerham 1984) . values were obtained using GENEPOP, and migration rate (Nm) was calculated as Nm ϭ 1/4((1/) Ϫ 1). G ST was calculated using the computer program BIOSYS v1.7, and Nm was obtained using equation 15a from Slatkin (1995) , which adjusts for the number of populations sampled.
Genetic differentiation under the stepwise-model was assessed using (Goodman 1997b) , an estimator of R ST analogous to , which takes into account differences in sample size between populations and differences in variance between loci. is obtained by calculating the between-and within-population components of variance using allele sizes expressed in terms of the standardized number of repeats as described in Goodman (1997b) . This is an extension of the approach suggested by Michalakis and Excoffier (1996) . Estimates of Nm from were calculated as for . Adjustment for the number of populations sampled (Slatkin 1995) is not required, as this is dealt with in the analysis of variance format, so Nm can be estimated from Nm ϭ 1/4((1/) Ϫ 1).
Bootstrapping (Effron 1979 ; Van Dongen 1995) was used to assign 95% confidence intervals to and Nm estimates, while permutation testing (Lynch and Crease 1990; Hudson, Boos, and Kaplan 1992) was used to determine whether observed values of were significantly different from zero. In both cases, resampling was performed across genotypes, as recommended by Weir (1990) , for circumstances for which deviations from Hardy-Weinberg equilibrium are likely. A computer program, RSTCALC 2.2 (Goodman 1997b) , was used to calculate and Nm estimates and to perform the bootstrap and permutation tests. This PC-based computer program can be downloaded over the World Wide Web from http://helios.bto.ed.ac.uk/evolgen/, or is available from the author.
Genetic Distance
Cavalli-Sforza and Edwards' (1967) chord distance was calculated to allow an appraisal of phylogenetic relationships, while Goldstein et al.'s (1995b) (␦) 2 measure was used to estimate divergence times between European harbor seal populations (Takezaki and Nei 1996) . BIOSYS v1.7 was used to obtain estimates of CavalliSforza and Edwards' distance, while RSTCALC 2.1 (Goodman 1997b ) was used to calculate (␦) 2 . A phenogram based on Cavalli-Sforza and Edwards' distance measure was constructed using the neighbor-joining (NJ; Saitou and Nei 1987) algorithm in PHYLIP 3.5c (Felsenstein 1993) . Support for the tree nodes was assessed by bootstrapping performed in PHYLIP.
Results
Deviations from Hardy-Weinberg Equilibrium
Significant deviation from Hardy-Weinberg equilibrium was observed for only 1 of the 84 loci by population combinations (␣ ϭ 0.05, Bonferroni correction applied). Locus BG in WBL showed strong heterozygote deficiency (22 homozygotes observed compared to 12.43 expected; P ϭ 0.00016). Such deviation could arise due to selection on the microsatellite or other linked loci, nonrandom mating, population subdivision, or ''null'' or nonamplifying alleles (Callen et al. 1993 ; Koorey, Bishop, and McCaughan 1993; . Null alleles perhaps offer the most plausible explanation for the departure from Hardy-Weinberg expectations. Null heterozygotes tend to be scored as homozygotes and, if present at high frequency, would cause apparent heterozygote deficiency. As this appears to be a limited occurrence, the overall analysis of population structure should not be biased.
Genetic Variability
The seven microsatellite loci used in this study exhibited moderate to high levels of polymorphism in each of the 12 areas. A total of 68 alleles were detected, but a single, exceptionally variable, locus, SGPV3, accounted for almost half of this total with 33 alleles. The remaining loci were each found to have between 2 and 8 alleles. Allelic diversity (see table 1) ranged between 2.6 (Ϯ0.04) for IEC to 7.0 (Ϯ0.2.8) for SKG, with marginally higher values in the south and eastern North Sea, although the estimates have not been corrected for differences in sample size.
Values of observed heterozygosity (h o ) (see table 1) varied across populations for each locus. Samples from EBL were fixed for a single allele at locus SGPV11, and IEC samples were fixed for a single allele at locus SGPV10. Overall h o values were slightly higher than expected heterozygosity (h e ) (values not shown) (h o Ͼ h e in 46 of 84 locus-population combinations). In two cases, KAT and EEC, h o Ͼ h e at 6 of 7 loci. This could indicate a general excess of heterozygotes in the European harbor seal population, but this is unlikely to be significant, because no such deviation from HardyWeinberg equilibrium was detected. The average observed heterozygosity across populations ranged from 0.361 (Ϯ0.134) in EBL to 0.582 (Ϯ0.078) in KAT.
A ''split-plot'' analysis of variance (Weir 1990 ) revealed that the heterogeneity in heterozygosity was highly significant (P Ͻ 0.001) at all levels of the anal-ysis; between loci, populations, and loci within populations. In the pairwise comparisons of average observed heterozygosity using the Tukey-Kramer method, 13 comparisons were significant at the 5% level. EBL and EWAD had significantly lower heterozygosity than KAT, SKG, EEC, and SEC; while WBL and WWAD had less variation than KAT and SKG. Finally, SEC had lower heterozygosity than SKG. This test of significance is conservative, and increasing sample sizes may yield further significant results. Such differences in heterozygosity could only develop if populations were subject to differing demographic influences such as drift and effective population size or selection, with low rates of gene flow over long periods of time. Values of Nm less than 1 are sufficient to allow strong genetic differentiation to develop by permitting alternative alleles to drift to fixation in different populations. Where Nm exceeds 1, some differentiation may arise, but alternative alleles will not become fixed. Values of Nm much larger than 1 equate to panmixia (Wright 1969) . Thus, these values indicate moderate overall levels of differentiation for harbor seal populations in Europe.
Patterns of variation in Nm determined by the three different statistics for the 66 pairwise population comparisons (see table 2) were assessed by plotting Nm derived from against Nm derived from and G ST on a log-log scale (see fig. 2 ). Slatkin (1995) predicted that for microsatellite data, methods of estimating genetic differentiation based on allele frequencies should underestimate the true level of differentiation (and hence overestimate the level of gene flow) compared to R ST when the divergence time is such that mutation in additon to drift contributes to differentiation. Moreover, the size of this bias should increase with time of separation. The comparisons described above should give some insight into whether the biases predicted in theory can be seen in real data and can potentially be used to identify population groupings with differing divergence times or which are far from mutation-drift equilibrium.
In figure 2 , the solid line represents y ϭ x, i.e., if Nm estimates from and G ST equal those from , they fall on the line. Where Nm estimates from and G ST are greater than those from , they fall above the line, and when they are less than those from , they fall below the line. The majority of points fall along the line, showing that in most cases, the Nm estimates from and G ST are in close agreement with those from . This was examined in more detail by calculating the ranking 1 to 3, lowest to highest, of Nm estimates within each pairwise population. G ST scored the lowest mean rank over the 66 population comparisons (1.575, standard deviation 0.609), had an intermediate value (2.000, standard deviation 0.944), and had the highest value (2.424, standard deviation 0.633).
In most cases, the data points for and G ST are closely spaced along the y ϭ x line, showing that the absolute magnitudes of Nm estimates from the three measures are similar. Standard deviation between Nm estimates within each population comparison was calculated. The average standard deviation in the magnitude of Nm for the 66 pairwise population comparisons across all three statistics and for each pairwise grouping were: across G ST --ϭ 2.745; G ST -ϭ 0.737; -G ST ϭ 3.031; -ϭ 3.199. The larger standard deviations for comparisons involving can be attributed to the four labeled outlying points seen in figure 2. Discounting these returns values closer to that oberved for G ST -. In overall ranking of population comparisons (lowest to highest Nm, 1-66) assigned by each estimator, average standard deviations for each category were: 3.886 across all three measures; 2.035 across G ST and ; 4.435 across G ST and ; and 3.985 across and .
These comparions show that Nm estimates from and G ST show slightly more similarity in both magnitude and their overall ranking, but both are in close agreement with estimates from . Slatkin (1995) proposed that allele-frequency-based statistics should overestimate of gene flow relative to R ST (). Here, Nm from is not systematically lower across the whole data set than Nm derived from and G ST , suggesting that the predicted biases are weak or not detectable. This could be attributed to small divergence times between harbor seal populations such that drift rather than mutation determines differentation, or deviation from stepwise expectations for some loci, in terms of the proportion of multistep mutations. Figure 2 shows that four population comparisons appear to be deviating markedly from the general pattern. In the cases of KAT-WBL, SEC-SWC, SEC-IEC, and SWC-IEC, the points fall below the y ϭ x line, showing that in these cases Nm from is greater than that from and G ST . (EWAD-WWAD should also be included in this category, but Nm from could not be calculated, as a negative value for was returned; see below). These comparisons show high rates of gene flow; thus, , , and G ST would be expected to indicate similar levels of gene flow/differentiation (Slatkin 1995) . This suggests that these populations are more similar than would be expected on the basis on allele frequencies, and there is some deviation from the stepwise model or other assumptions underlying R ST (). This observation is limited to a few populations, suggesting that the deviation is more likely to be related to a demographic process (e.g., changes in effective population size or selection) disrupting mutation-drift equilibrium than to be associated with the microsatellite loci (e.g., nonstepwise mutation). Deviation from mutationdrift equilibrium was examined using a 2 goodness-offit test based on the logarithms of the variances in repeat number across locus-population combinations (Schlöt-terer, Vogl, and Tautz 1997) . No significant deviation 
FIG. 2.-Plot of
Nm values derived from against values from and G ST on a log scale. Solid line represents y ϭ x; i.e., if Nm estimates from and G ST equal those from , they fall on the line. If Nm estimates from and G ST are greater than those from , they fall above the line, and if they are less than those from , they fall below the line. was found, but this test is very conservative when populations are linked by gene flow.
Since the same general pattern of gene flow is indicated by each of the estimators, I shall focus on for detailed discussion of the differentiation between populations. Observed pairwise values of ranged from Ϫ0.001 for the EWAD-WWAD comparison to 0.512 for WWAD-IEC, with most values in the range 0.08-0.34.
Mean pairwise was estimated according to approaches suggested by Lynch (1990; 1991) and Danforth and Freeman-Gallant (1996) for multilocus fingerprinting data, which overcome problems of covariance and nonindependence when examining populations involved in multiple comparisons. This involves sampling arbitrary pairs of populations without replacement until all populations have been paired and then calculating mean pairwise estimates of the statistic of interest. In this case, distributions for were obtained by repeating the process over 10,000 iterations. A null distribution of was approximated by selecting random pairs of populations, permuting as before, and then calculating the average pairwise . The null distribution shows the range of pairwise values which could be expected in the case of no genetic differentiation. Figure 3 illustrates the observed and null distributions for mean pairwise derived using this approach. The distributions are clearly distinct and overlap only at their extreme upper and lower tails, respectively, at a frequency of 0.0005 comparisons where ϭ 0.041-0.050 (Nm ϭ 5.84-4.76). The majority of observed pairwise values lie outside the null distribution, showing that the estimates represent genuine differentiation, confirming the accuracy of the permutation tests. The overlap of the two distributions at ϭ 0.05 (Nm ϭ 4.76) is small; however, adopting a conservative approach, this can be regarded as a cutoff point, below which observed pairwise values of or Nm are not significantly different from zero.
Of the 66 pairwise comparisons between areas, 58 gave values of greater than 0.05 (Nm Ͻ 4.76). All were significantly different from zero, with P Ͻ 0.01 from permutation tests. The eight comparisons which returned values of less than 0.05 could be divided into three groups by area. Group 1 consisted of comparisons involving the Scandinavian areas WBL-KAT-SKG-NOR, group 2 the Waddensea EWAD-WWAD, and group 3 the Scottish and Irish coasts SEC-SWC-IEC. In groups 2 and 3, P values from permutation tests for estimates were all Ͼ0.01. calculated across the three Scottish-Irish populations was small and not significantly different from zero at ␣ ϭ 0.01 ( ϭ 0.0148, P ϭ 0.029 with 95% confidence interval 0.004-0.0822; Nm ϭ 16.655 with 95% confidence interval 2.603-43.088). In group 1, there may be some weak substructuring present, with values significantly different from zero (permutation tests) for WBL-SKG, WBL-NOR, and KAT-NOR. calculated across all four Scandinavian populations was small but significantly different from zero ( ϭ 0.0180, P Ͻ 0.001 with 95% confidence interval 0.0113-0.0454; Nm ϭ 13.628 with 95% confidence interval 5.239-21.599). WBL, KAT, SKG, and NOR probably represent a continuum in which isolation by distance operates rather than forming a single homogenous unit. Levels of gene flow just below the cutoff point where Nm is approximately equal to 4 are seen in the EWAD-EEC and WWAD-EEC comparisons, suggesting some genetic contact for the English east graphic distance and log 10 pairwise Nm (Slatkin 1993) , derived from , for each of the 12 areas (see fig. 4 ). The line fit calculated by linear regression yielded: y ϭ 4.459 Ϫ 1.408x, r 2 ϭ 0.450. The correlation between geographic distance and migration rate was highly significant (P Ͻ 0.001, Mantel test), indicating that, although there may be some exceptions where past demography may be more important, isolation by distance does influence the degree of population differentiation for European harbor seals. Using a value of Nm ϭ 4.76 (obtained from the comparison of distributions of independent average pairwise ) as the migration rate below which differentiation starts to develop, the critical range over which animals are philopatric is estimated to be around 485 km (x ϭ 484.8 km, obtained by substituting y ϭ log 10 4.76 into the line fit equation for ). However, this is based on a conservative significance level for differentiation, and philopatry could operate over distances down to 300 km.
Genetic Distance
Cavalli-Sforza and Edwards' (1967) distance was calculated for each pairwise comparison for the 12 areas, and a phenogram was constructed from the distance matrix using the NJ algorithm (see fig. 5 ). Overall, the tree supports the pattern derived from . The groupings of SEC-SWC-IEC, EEC-EWAD-WWAD, and KAT-SKG-NOR revealed by are present. The Baltic populations show some divergence from the other Scandinavian populations and group in a distinct clade. The degree of divergence appears to increase away from the central-eastern portion of the North Sea basin, with Scotland-Ireland and Iceland forming the most divergent groups. All nodes have 100% bootstrap support.
(␦) 2 measures the genetic distance between components of panmictic units which diverged into distinct groups (i.e., between which Nm remains Ͻ1). In this study, Nm was Ͼ1 for several population comparisons.
(␦) 2 was therefore applied only to comparisons involving the Scottish-Irish or Icelandic populations with other European populations, since only in these cases is Nm consistently much lower than 1. The maximum value of (␦) 2 was 1.995 for EEC-SEC, which yields a population divergence time of 12,468 years (calculated according to Goldstein et al. [1995b] assuming a mutation rate of 5.6 ϫ 10 Ϫ4 [as estimated in other mammalian taxa by Weber and Wong 1993] and a generation time of 7 years [Swart, Reijnders, and Van Delden 1996] ). This suggests that harbor seals started to diverge from a single genetic source at a time of which the upper limit is consistent with the end of the last ice age in Europe (Lowe and Walker 1992; Sage and Wolf 1986) .
Discussion
Population Structure of Harbor Seals in Europe
This analysis of microsatellite DNA polymorphisms has demonstrated that there is a complex pattern of genetic differentiation present within European harbor seal populations. Six population units were identified from the 12 areas sampled for this study: Iceland, Scotland-Ireland, English east coast, Waddensea, Western Scandinavia and East Baltic. Within the multipopulation groups, migration rates are high, while between groups, Nm is much lower and generally less than 1. Populations which are distant from the central North Sea basin, Iceland, the east Baltic, and, in particular, Scotland-Ireland, appear to be strongly differentiated from other European populations.
Previous analyses of population structure among European harbor seals using nuclear markers have examined only a restricted number of geographic areas (primarily the Waddensea and Wash in southeast England). These studies employed allozymes, RAPDs, and multilocus fingerprinting (McDermid and Bonner 1975; Kappe et al. 1995; Swart, Reijnders, and Van Delden 1996) , revealing only low levels of variation which proved to be uninformative. A recent study of worldwide patterns of mitochondrial d-loop sequence differentiation in harbor seals (Stanley et al. 1996) revealed substantial variation and suggested a pattern of population subdivision for European harbor seals similar to that reported in this paper. In the east Atlantic, the Stanley et al. (1996) study included the same populations sampled for this paper except the Norwegian west coast, identifying significant differentiation between the population groupings of Iceland, Ireland-Scotland, English east coast-Waddensea, Kattegat-Skagerrak-west Baltic, and east Baltic. The mitochondrial data suggest weaker substructuring among central North Sea populations than indicated by the microsatellites. Microsatellites show significant differentiation between the English east coast and the Waddensea, and the level of differentiation between these populations and western Scandinavia is also higher than estimated from the mitochondrial data. Both studies support the high divergence of the Icelandic, Scottish, and East Baltic populations from other European populations. However, for these comparisons, the mitochondrial data suggest a higher level of differenti-ation than does the microsatellite analysis. There may be some male-biased gene flow for the east Baltic and nearby Scandinavian populations, since the east Baltic shares no mitochondrial genotypes with other European populations (Stanley et al. 1996) .
The main factors determining population structure are isolation by distance and the relative distribution of breeding populations. Little differentiation is present along coastlines with continuous distributions of breeding animals, such as Scotland-Ireland, the Waddensea, and Scandinavia. Gene flow is lower, relative to the rate observed for similar distances along coasts with continuous distributions, where breeding colonies are separated by large stretches of coastline unpopulated by conspecifics or by open sea (e.g., Nm SEC-SKG ϭ 1.525, 960 km; Nm NOR-SKG ϭ 6.633, 1,050 km). In both cases, differentiation increases with geographical separation. The critical distance over which animals appear to be philopatric is around 300-500 km. Overall, European harbor seals have a structure consisting of areas related by geography within which exchange is common but between which little gene flow occurs.
Telemetry and tagging studies indicate that in Europe, adults show a high degree of philopatry and seldom range more than 50 km from the site at which they were tagged (Thompson and Miller 1990; Thompson et al. 1991) . Therefore it seems likely that most gene flow is achieved through juvenile dispersal. The dispersal distance indicated by tagging studies (Wiig and Øien 1988; Thompson 1993; Thompson, Kovacs, and McConnell 1994) is consistent with the 300-500-km range for philopatry derived in this study. However, the tagging studies suggest that up to 20% of individuals may disperse. Such a high level of dispersal is not reflected by some of the estimates of gene flow in this study, suggesting that not all dispersal equates to recruitment.
Other Factors Influencing Population Structure and Levels of Genetic Variation
Isolation by distance and population distribution does not explain all of the genetic differentiation between European harbor seals. Significant genetic differentiation is present between some populations separated by only a few hundred kilometers (e.g., EBL-WBL). This implies that European harbor seals have experienced a number of demographic processes which have strongly influenced population subdivision in addition to those described above.
This study found evidence suggesting that there could be deviations from mutation-drift equilibrium among populations with high levels of gene flow. Nm estimates from , G ST , and deviated from the expected pattern ( indicating the lowest level of gene flow) for comparisons among the Scottish-Irish, Waddensea, and west Baltic-Kattegat populations. These deviations suggest a departure from the assumptions of the model underlying consistent with disruption of mutation-drift equilibrium. A simple test of deviation from mutationdrift equilibrium (Schlötterer, Vogel, and Tautz 1997) did not yield significant results. Further advances in the log-likelihood analysis of microsatellite data (Nielsen 1997) should allow direct tests of the influence of demographic processes such as fluctuations in effective population size or selection on microsatellite population data. Disruption of mutation-drift equilibrium due to fluctuations in effective population size is an attractive hypothesis which would fit the known history some harbor seal populations. For example, habitat destruction and hunting pressure occurred in the Waddensea (Reijnders 1994; Mees and Reijnders 1994) , while harbor seals recently moved into the Kattegat-Skagerrak region during the 17th Century (T. Härkönen, personal communication). KAT-WBL would represent the tip of this expansion. The microsatellite analysis demonstrates that Norway, rather the Waddensea, was the likely source of these seals.
European harbor seals appear to be subject to recurrent epizootics (Harwood and Hall 1990) , which could affect population structure either by promoting genetic drift, through changes in effective population size, or through selection. In the Kattegat-Skagerrak, in the 1988 epizootic, there was a slight male bias in mortality, with males in year classes 4-13 being the most severely affected (Heide-Jørgensen, Härkönen, and Å berg 1992). This age group contains the majority of males of breeding age; thus, following an epizootic, the structure of the male gene pool may be altered. Simulations have shown that shifts in the age/sex composition of populations introduced by an epizootic may be detected more than 10 years after the event (Heide-Jørgensen, Härkö-nen, and Å berg 1992). Variations in the pattern of sex/ age class mortality between areas would give scope for different drift effects in different populations. At a more general level, it has been shown that repeated extinctrecolonization events can promote genetic differentiation (Wade and McCaughley 1988) . Epizootics could also act as selective episodes, altering gene frequencies, if loci exist that determine susceptibility to pathogens. Differential geographical distribution of alleles at such loci could influence mortality in different populations. Selection could be detected as deviations from mutation-drift equilibrium for specific locus-population combinations (Schlötterer, Vogl, and Tautz 1997) , as discussed above.
The maximum divergence time among European harbor seal populations calculated from (␦) 2 is 12,468 years. This is a time consistent with the end of the last European ice age, which began approximately 30,000 years ago and reached its zenith around 18,000 years ago (Lowe and Walker 1992) . During this time, the harbor seal's current range was covered by ice sheet or was dry land (Lowe and Walker 1992) . The divergence time suggests that contemporary European harbor seal populations derive from a single genetic source, rather than from multiple refugia separated over the glaciation. Harbor seal population structure may have been influenced by population bottlenecks and founder effects (Sage and Wolff 1986) following the postglacial colonization of Europe. Harbor seals in the east Baltic have substantial differences in mitochondrial DNA and microsatellite allele frequency distribution and significantly lower heterozygosity compared to other Scandinavian popula-tions, despite a geographical separation of less than 300 km. Geological evidence suggests that the Baltic did not have a continuous connection to the North Sea until well after 8,000 years ago (Bjorck and Digerfeldt 1991) . The dramatic genetic differences seen in east Baltic seals could be explained by the physical isolation of harbor seals in the Baltic by the periodic land bridges which would have prevented any gene flow between the Baltic and the rest of the North Sea during this period.
Levels of Variation in Harbor Seal Populations
The east Baltic and Waddensea populations have significantly lower average heterozygosity at microsatellite loci than the Scandinavian and Scottish populations. This indicates that these populations may have different demographic histories in terms of experiences of drift, effective population size, and selection. Heterozygosity in the more variable Scottish and Scandinavian populations lies in the range reported for wild canids (Roy et al. 1994) , while for the less variable east Baltic and Waddensea populations, the level of variation is closer to that observed in populations of koala (Phascolarctos cinereus; Houlden et al. 1996) and northern hairy nosed wombat (Lasiorhinus kreffti; Taylor, Sherwin, and Wayne 1994), which are known to have undergone bottlenecks and range contractions. Whether such differences in the levels of genetic variation at microsatellite loci are generally indicative of functionally important variation with consequences for fitness in natural populations is unclear. There are examples of microsatellite polymorphisms linked to crash survival in ungulates or marking genomic regions which may have undergone selective sweeps (Schlötterer, Vogl, and Tautz 1997) . Until the 1988 epizootic, Dutch harbor seals had been slower than some other European populations to recover after the cessation of hunting (Reijnders 1994) . The region also suffered some of the highest mortality in the 1988 PDV epizootic . Reduced fecundity and susceptibility to disease have been cited as indicators of reduced species fitness due to lack of genetic variation (O'Brien et al. 1985) ; however, it is important to consider other options before arriving at such conclusions (Caro and Laurenson 1994; Caughley 1994) . Harbor seals in the Waddensea have high organochlorine pollutant burdens, which are known to disrupt reproduction (Reijnders 1986 ) and reduce immunocompetence (Swart et al. 1994) . Therefore, it may not be possible to differentiate anthropogenic and genetic effects on the fitness of harbor seals in the Waddensea.
Microsatellites as Markers for Population Genetic Studies
While the utility of microsatellites as markers for studies of population structure and differentiation is increasingly being recognized (e.g., Roy et al. 1994; Estoup et al. 1995b; Viard et al. 1996; Rassman et al. 1997) , there is also growing recognition that the mutational dynamics of theses markers might not always be adequately explained by simple stepwise models of mutation (Di Rienzo et al. 1994; Estoup et al. 1995a Estoup et al. , 1995b Nielsen 1997) . The assumptions of the stepwise model may be confounded by biases in mutation direction (Rubinsztein et al. 1995) , limits in allele size (Garza, Slatkin, and Freimer 1995; Lehmann, Hawley, and Collins 1996) , and multistep changes (Estoup et al. 1995a (Estoup et al. , 1995b . This has implications for how microsatellite data should be evalulated to determine population differentiation and other genetic parameters (Slatkin 1995; Nielsen 1997) .
In this study, estimates of migration rate from different statistics were in close agreement, and across the whole data set, Nm derived from allele-frequency-based estimators was not systematically higher than Nm obtained from the variance type statistic, . In this set of natural populations, it appears the biases predicted by Slatkin (1995) are weak or cannot be detected. This is likely due to the low divergence time between populations, which has a maximum of 12,500 years ago. For harbor seals, this corresponds to around 1,700 generations, and few neutral mutations could be expected to rise to high frequency in this time. Such lack of bias and close agreement between estimators should be common to studies of relatively long lived organisms which have diverged over the period since the end of the last Ice Age.
In European harbor seals, five population comparisons differed from the expected pattern (of R ST type estimators, indicating equivalent or greater levels of differentiation than F ST type statistics), identifying populations where demographic parameters potentially deviate from the expectations of the R ST model. This suggests that comparisons of demographic parameters calculated from microsatellite data under different models can give insights into differing demographic processes affecting natural populations as suggested by Slatkin (1995) . However more direct approaches (Nielsen 1997; Schlötterer, Vogl, and Tautz 1997) are required to test which specific processes are most important in the histories of given populations. 
